Study design Cross-sectional study. Objectives Determine dietary, lifestyle, and clinical factors associated with plasma 25-hydroxyvitamin D [25(OH)D] levels in persons with chronic spinal cord injury (SCI). Setting Veterans Affairs Medical Center in Boston, MA.
Introduction
Vitamin D has been linked to positive effects on bone health, cardiovascular health, and pulmonary health, among other health benefits [1] [2] [3] [4] [5] [6] [7] . Vitamin D exists in two physiologically significant forms, D 3 (cholecalciferol) and D 2 (ergocalciferol). Less is known, however, about the determinants of vitamin D levels in humans beyond sun exposure, from which vitamin D 3 is synthesized [1] . Studies conducted in populations without spinal cord injury (SCI) suggest that a number of lifestyle and personal factors may positively influence vitamin D levels, including greater physical activity, never-smoking status, and normal weight [1, [8] [9] [10] [11] [12] [13] .
The SCI population, in particular, is known to be at risk to have lower vitamin D levels [7, [14] [15] [16] [17] [18] . Due to muscular weakness and paralysis that varies based on the severity of injury, persons with SCI are predisposed to a sedentary lifestyle. It is unclear, however, whether level and severity of SCI is associated with vitamin D status or if other factors related to diet or lifestyle are important. In addition, the importance of dietary intake and reliance on vitamin D supplements has not been examined in this group. Vitamin D sufficiency can be assessed by measuring plasma 25hydroxyvitamin D [25(OH)D], which has been found to be a strong indicator of physiologically important vitamin D levels [1] . In this report, we assess the associations of a variety of clinical, dietary, and lifestyle factors with plasma 25(OH)D levels in persons participating in an SCI-health study.
Methods

Subjects
Between 5/31/2013 and 8/8/2016, 183 participants with chronic SCI taking part in a study to assess factors associated with respiratory and bone health at VA Boston were asked to complete a food frequency and dietary supplement questionnaire. Participants were recruited from persons receiving care at VA Boston, by direct mail to persons who had received care at Spaulding Rehabilitation Hospital, members of the National Spinal Cord Injury Association, subscribers to New Mobility Magazine, and from the greater Boston area through advertisement. Persons were eligible if they were 22 years of age or older, one or more years after injury, were not ventilator-dependent, did not have a tracheostomy, and had no other neuromuscular disease. The Institutional Review Boards at VA Boston Healthcare System and Harvard Medical School approved the protocol and informed consent was obtained.
Food frequency and health questionnaires
A validated semi-quantitative food frequency questionnaire (FFQ) [19] developed at the Harvard University T.H. Chan School of Public Health [20] [21] [22] was mailed out to participants before their scheduled study visit to complete on their own. This standardized questionnaire asked the subject to report on the current use of vitamins, including vitamin D and calcium, and to recall average dietary intake of a wide range of foods and beverages over the past year by answering a series of questions about various serving sizes. The answers to the items on the questionnaire are converted to daily intake of various nutrients and partitions total vitamin D intake into supplements and dietary intake by computerized processing at the Harvard T.H. Chan School of Public Health Nutrition Department (https://regepi.bwh. harvard.edu/health/nutrition.html). Participants completed the FFQ before the visit on a separate day and brought it in with them. If the participant left the questionnaire at home or forgot to fill it out, an additional FFQ was provided if necessary and was mailed back in shortly after the visit.
A health questionnaire based on the American Thoracic Society Questionnaire [23] with additional questions was used to obtain a standardized history that included personal characteristics. These included tobacco smoking, beer, wine, and liquor consumption in the past year (frequency and quantity), usual mobility mode (motorized wheelchair, wheelchair, use of cane/walker, or ability to walk unassisted more than half the time), and physician-diagnosed diseases such as asthma, chronic obstructive pulmonary disease (COPD), emphysema or chronic bronchitis, heart disease treated in the last 10 years, diabetes, and hypertension [24] . Persons were also asked how much time they spent in a typical week doing a planned exercise program and then asked to list the activity and how many minutes per week they participated. Examples of planned exercise included physical therapy, stretching and range of motion exercises, weight training, swimming, wheeling, walking, running, and sports. A sun exposure questionnaire based on recommendations from McCarty (2008) [25] was used to evaluate how many hours participants spent outdoors in a typical weekday and weekend day over the past month and how often they used sunscreen. Respondents were asked to report time spent outside between sunrise and sunset on a typical weekday and on a typical weekend day in the past month (no time outside, <15 min/day, 15-30 min/day, >30 min-1 h/day, >1-2 h/day, >2-4 h/day, >4-6 h/day, >6-8 h/ day, >8 h/day) and sunscreen use (usually ≥50%, sometimes, and never).
Neurological exam, stature, and weight
Motor level and completeness of injury were assessed based on the American Spinal Injury Association Impairment Scale (AIS) by record review and by exam [26, 27] . Motor incomplete SCI included AIS C (most key muscles below the neurological level grade <3/5) or AIS D (most muscles below the neurological level grade ≥3/5). For analysis, participants were further grouped into cervical motor complete (AIS A or B) and cervical AIS C, others with motor complete (AIS A or B) and AIS C, and all others AIS D. Height was obtained by measuring the body length from top of the head to the heel of the subject in a spine position. If required, wheelchairs were weighed with and without the participant, and weight was subtracted to determine the participant's weight. Self-reported height and weight were used if severe contracture or bracing hindered measurement (n = 2). Body mass index was calculated from height and weight.
Body composition analysis
We used a 5th generation GE Healthcare iDXA scanner to assess total body composition, including total %body fat, using Encore 13.60 software. Scans were performed utilizing the same densitometry technician and analyzed by a 
Analyses
We excluded 1 person with sarcoidosis, 6 persons whose plasma 25(OH)D was unavailable, and 2 persons whose plasma 25(OH)D levels were considered to be outliers (values of 71.9 and 86.3 ng/mL) leaving a sample size of 174 participants. General linear models (PROC GLM, SAS version 9.4) were used to assess both continuous and categorical determinants of 25(OH)D. Residual plots were examined to assess goodness of fit. Variables significant at the 0.100 level in univariable models were assessed in multivariable models and adjusted for laboratory batch. A sensitivity analysis was conducted excluding 18 persons whose responses on the FFQ conflicted with their responses to supplement use on the health questionnaire. The Tukey method was used to determine the significance between multiple (>2) groups in categorical variables. Monthly alcohol intake of beer, wine, and other liquor was estimated by multiplying usual daily or weekly intake by the frequency of drinking. Since wine consumption was the only alcohol type associated with plasma 25(OH)D, beer and liquor consumptions were grouped together to represent all non-wine consumption. Usual time outdoors over a week was estimated by multiplying the median of each weekday category by 5 and the median of each weekend day category by 2 (using 9 h for the highest category), and summing to obtain the total hours. Season was assigned based on calendar month of study visit. Trends across wine consumption categories were assessed using the median values and for smoking categories by assigning ordinal numbers.
To examine the patterns of predictors with the outcome, we used the 2011 Endocrine Society's Practice guidelines (vitamin D deficiency: 25(OH)D < 20 ng/mL; insufficiency: ≥20 to <30 ng/mL; sufficiency: ≥30 ng/mL) [28] .
Results
Personal, lifestyle, and nutritional characteristics of the population are shown in In analyses assessing individual factors associated with 25(OH)D (Table 2) , there was a statistically significant positive association between 25(OH)D with total vitamin D intake (Fig. 1) , age, years of education, total calcium intake, wine consumption, total hours of planned exercise, female sex, white race, and among never smokers, and users of sunscreen. Planned exercise reported as participating in stretching, range of motion, or physical therapy was not associated with 25(OH)D, whereas other planned exercise was associated with 25(OH)D. There was no significant relationship between 25(OH)D and SCI level and completeness of injury, BMI, %total body fat, mobility mode, comorbid medical conditions, time outside between sunrise and sunset, or season.
In a multivariable model (Table 3) , age, total vitamin D intake, total hours of planned exercise, sex, race, wine use, and smoking status remained statistically significantly associated with 25(OH)D. Race and total vitamin D intake were the most statistically significant (p < 0.001) predictors. The regression coefficient for total vitamin D intake (Table 3 ) remained significant but was reduced by approximately 21% in the final multivariable model compared to the univariable model ( Table 2 ). A multivariable model with the effects of vitamin D intake divided into dietary intake and supplement use was assessed, adjusting for age, planned exercise, sex, race, wine use, and smoking status. When comparing the impacts of vitamin D from diet and from supplements, supplement intake was statistically significantly associated with increased 25(OH) D (p < 0.001), but dietary intake was not (p = 0.305) ( Table 3 ). We also assessed stretching, range of motion, or physical therapy and other planned exercise as separate covariates. As in the univariable model, stretching, range of motion, or physical therapy was not associated with higher 25(OH)D level and other planned exercise was associated with higher 25(OH)D levels. In the multivariable model, several variables were no longer statistically significant, specifically sunscreen use, calcium intake from diet and supplements, and education level. These variables were excluded from the final model.
As noted, the FFQ was not completed during the study visit when 25(OH)D levels were assessed, so responses regarding vitamin D intake, including from multivitamins, obtained at each study visit were compared to the information provided on the food frequency questionnaire. There were 17 persons whose responses on vitamin D or multivitamin supplement usage on the FFQ were discordant with their responses at the study visit. We repeated the multivariable models excluding these persons and noted no difference in the results. Laboratory batch was also not significantly associated with 25(OH)D in the final model. There were 32 persons who completed a visit between the study dates but who did not return a FFQ. There was no significant difference in level and completeness of injury or in available mean 25(OH)D levels compared to the responders.
Discussion
In this cross-sectional analysis of persons with chronic SCI, SCI level and completeness of injury, mobility, and duration of injury were not found to be determinants of 25(OH) D. Instead, other factors based on personal, nutritional, and lifestyle characteristics were found to be statistically significant predictors of 25(OH)D. Total vitamin D intake was found to be the most closely associated with plasma 25(OH) D levels. Nutritional characteristics of the population appeared to be the most important determinant of vitamin D status. Higher levels of total vitamin D intake, which came from dietary and supplemental sources, were closely associated with higher levels of plasma 25(OH)D. A number of studies have assessed daily vitamin D intake in chronic SCI, in which they found intake levels to be inadequate [16] [17] [18] 30] . Like these studies, we also found that the median vitamin D dietary intake for our population was below the IOM recommendation. Even though diet provides an important source of vitamin D, based on our population's dietary habits, supplemental usage was a more effective determinant of plasma 25(OH)D status than dietary vitamin D. Participants who were vitamin D sufficient were consuming considerably more supplemental vitamin D than participants who were vitamin D deficient. This is in contrast to persons across all levels of vitamin D sufficiency consuming similar amounts of vitamin D from their diet. As with vitamin D intake, calcium dietary intake also did not meet national recommendations for most individuals and supplements were necessary for the population to attain the recommended intake levels of calcium.
Certain lifestyle habits such as tobacco use and exercise had an association with 25(OH)D levels. Exercise has been shown to have a number of health benefits in SCI [31] [32] [33] . In our study, planned exercise also had a positive association with plasma 25(OH)D that appeared attributable to exercise other than physical therapy, stretching, and range of motion exercises that are applicable to patients with SCI. In addition to exercise, smoking status was negatively associated with 25(OH)D, with the lowest levels in current smokers. Although the mechanism is uncertain, previous studies have similarly shown the negative effects of smoking on 25(OH)D levels in individuals without SCI [9, 10, 34] .
In addition to diet and smoking status, the effects of wine drinking were also significantly associated with circulating 25(OH)D levels. Although wine contains no vitamin D, wine consumption displayed a positive association with plasma 25(OH)D specifically between non-drinkers and drinkers consuming greater than 12 drinks per month. A Swiss study in 2012 similarly reported greater levels of 25 (OH)D amongst heavy wine drinkers [12] . It is unclear how wine may influence 25(OH)D levels, though it is suggested that certain phytoestrogens found in red wine may enhance the levels of 25(OH)D [35] .
Personal characteristics such as age, sex, and race were also found to be closely associated with plasma 25(OH)D levels. It is unclear how greater age or female sex may be positively associated with vitamin D status, but it is believed that race performed as a proxy for skin tone in this study, which influences the amount of sunlight that is absorbed into the skin and catalyzes vitamin D 3 synthesis [1] . Previous studies have shown that persons with fairer skin complexions generally have higher levels of plasma 25 (OH)D [36, 37] .
We found no association with BMI or %total body fat even though lesser levels of plasma 25(OH)D have been associated with a greater BMI and total body fat in some studies [15, 18] . It is possible that with a larger sample size we may have observed an association since participants who were obese had slightly lower levels of 25(OH)D. Although direct sun exposure was not measured in our study, the use of sunscreen was positively associated with 25(OH)D levels in the univariable model, possibly as a marker of greater sun exposure. Sunscreen use was no longer significant, however, in the multivariable model. Additionally, while our population reported spending an average of almost 2 h per day outside between sunrise and sunset, time outside had no association with plasma 25(OH)D status. These results may be reflective of the participants all living in the New England area where direct sun exposure does not occur during the winter. We examined time outside between sunrise and sunset in only the months of April through September to concentrate on relevant sun exposure, but still found no significant association with 25(OH)D level. Moreover, there was no association found in 25(OH)D levels with season.
A strength of this study is the use of a validated food frequency questionnaire to assess the vitamin D and calcium intake. Moreover, our comprehensive assessment of participants provided us with a wide range of detailed information on multiple SCI related and personal factors that were used to find associations with 25(OH)D.
It is possible that questions in our health questionnaire could have better assessed direct sun exposure instead of time spent outside between sunrise and sunset. A welldefined assessment of direct sunlight exposure may have shown an association between higher levels of 25(OH)D and greater sun exposure like other studies have suggested. However, associations between measures of sunlight exposure and plasma 25(OH)D have not been consistently noted as described in a report that assessed ultraviolet radiation exposure based on residential address in three large non-SCI large cohort studies [38] . Additionally, completion of the FFQ on the same date as the study visit or a detailed personal interview may have more accurately represented dietary intake at the time when the blood draw was collected and therefore could have increased the accuracy of the associations between plasma 25(OH)D and the vitamin D and calcium intake variables. Finally, subjects in the study had to be healthy enough to travel to the VA, which could have potentially limited our ability to study persons with greater levels of injury and completeness of SCI.
To summarize, plasma 25(OH)D levels were significantly associated with dietary intake in this chronic SCI cohort and were unrelated to injury level and completeness of SCI. Usual dietary intake was considerably less than the recommended daily intake and supplement intake was most closely associated with adequate levels. Other factors related to lifestyle including planned exercise, wine consumption, and smoking status were also determinants of 25(OH)D status. Our study suggests that clinicians may want to consider recommending vitamin D supplement use in SCI patients and to provide information to patients on personal lifestyle choices that may impact 25(OH)D levels.
